ABSTRACT. After physically disrupting cell contacts, apoptosis of bursal cells of Fabricius was induced during in vitro cultivation. The percentage of apoptotic cells increased with incubation time and approximately 70% cells represented apoptosis after 6 hr of incubation. The induction of apoptosis was significantly inhibited by treatment of the cells with ascorbic acid (vitamin C), but not with trolox, a vitamin E analog. An intense DNA ladder pattern was shown at 6 hr post-isolation, which is a biochemical hallmark of apoptosis. Treatment of the cells with ascorbic acid inhibited the DNA fragmentation, but trolox did not. To monitor the intracellular production of reactive oxygen species (ROSs), the intensity of fluorescence emitted from DCFH-DA was measured. The intensity of fluorescence from cells incubated for 0.5-2 hr was approximately 2-fold higher than that from cells at 0 hr. The relative intensity of fluorescence decreased immediately after the addition of ascorbic acid to the cells. The intensity from the cells treated with ascorbic acid was 20-30% of that from the control cells at each incubation time. For trolox, the intensity was 50-70% of that from the control cells at each 1 to 2 hr incubation time. When ROSs-induced lipid peroxidation was assessed using cis-parinaric acid (PnA) as a monitor molecule, lipid peroxidation was found to occur in the control cells after isolation of the bursal cells. Treatment of the cells with trolox reduced lipid peroxidation, but treatment with ascorbic acid enhanced peroxidation.-KEY WORDS: antioxidant, apoptosis, bursa of Fabricius, in vitro culture, reactive oxygen species.
The bursa of Fabricius is a primary lymphoid organ restricted to avian species, and lymphoid cells in this organ are composed largely of developing immature B lymphocytes. The developing B-cell populations in the bursa of Fabricius are highly susceptible to apoptosis, like other lymphoid cells and thymocytes [7] . We and other workers have reported that extensive apoptosis is rapidly induced in normal bursal cell populations either by physically disrupting cell contacts or by exposure to ionizing radiation [1, 15, 17, 22] . However, whether the apoptosis of bursal cells of Fabricius induced by the disruption of cell contacts is mediated by oxidative stress remains unclear. In the present study, we investigated the inhibitory effects of physiological antioxidants on the induction of apoptosis and the production of ROSs in the bursal cells of Fabricius during in vitro cultivation after the physical disruption of cell contacts.
MATERIALS AND METHODS

Chickens and culture of the bursal cells of Fabricius:
Newly hatched male White Leghorn chickens were purchased from a local hatchery. Bursas were dissected from the peritoneal surface of the cloaca and opened to expose the bursal folds in a Petri dish with 5 ml of a culture medium (RPMI 1640 medium supplemented with 10% fetal calf serum, 2 mM glutamine, 100 units penicillin G/ml, and 100 µg/ml of Streptomycin). Bursal follicles were released by scraping the bursal folds with a scalpel blade and the residual bursal tissue was discarded. The follicles were gravity sedimented twice in a conical test tube for 3 min to remove most of the detached cells. Then, the follicles were Programmed cell death or apoptosis is now widely recognized as a common mechanism for the selective elimination of cells during the development of many animal cell lineages [7, 13, 25] . This mode of cell death is characterized morphologically by cell shrinkage, chromatin condensation, membrane blebbing and the formation of apoptotic bodies, and biochemically by internucleosomal fragmentation of DNA [24] . Apoptosis occurs in response to a diversity of physiological or pathological stimuli, and the treatment of cells with various chemical and physical agents that generate reactive oxygen species (ROSs), such as t-butyl hydroperoxide and ionizing radiation, is also known to induce apoptosis [21, 23, 26] . Oxidative stress has been suggested to play a role as a common mediator of apoptosis [5, 6, 12] . Furthermore, the inhibitory or delaying effects afforded by several synthetic and natural antioxidants in many experimental models supports this hypothesis. Antioxidants, such as N-acetylcysteine [11] , N-tert-butyl-2-sulphophenylnitrone [4] , WR-1065 [18] , vitamin E analogs [8, 15, 19] , ascorbic acid (vitamin C) [14] , and glutathion peroxidase [11] , inhibit apoptosis to varying extents dependent on the biological system. However, the species and the intracellular localization of the ROSs that induce apoptosis remain unclear. The varying extents of inhibitory effects by various antioxidants may be attributable to the difference in the species and/or the intracellular localization of the ROSs generated by treatments of the cells with a variety of agents.
homogenized with a Dounce glass homogenizer and filtrated with a nylon cell strainer with a pore size of 40 µm. After removal of the attached cells, the suspended cells were cultured in the culture medium with or without antioxidants in a humidified atmosphere containing 5% CO2 at 37°C.
Antioxidants: Ascorbic acid (Wako Chemical Co.) was dissolved in phosphate-buffered saline (PBS) at a concentration of 10 mM, and added to the cell suspension at a final concentration of 0.5 mM. Trolox (Aldlich Chemical Co.), a soluble derivative of vitamin E, was dissolved in 10% NaHCO3 at a concentration of 200 mM and added to the cell suspension at a final concentration of 1 mM.
Quantification of apoptosis: Apoptotic cells were identified histologically. After incubation with or without antioxidants, the cells were harvested by centrifugation, suspended in PBS, and then stained with 10 µg/ml of ethidium bromide and 10 µg/ml of acridine orange. Apoptotic nuclei were characterized by overall shrinkage and nuclear fragmentation. A total of 200-250 nuclei were scored.
Analysis of DNA fragmentation by agarose gel electrophoresis: Low molecular weight DNA was extracted from the cells treated with or without antioxidants essentially as described by Herrmann et al. [10] , except that Triton X-100 was used instead of Nonidet P-40. The extracted DNA was separated by electrophoresis through 1.5% agarose gel, stained with ethidium bromide, and then photographed under UV-transillumination.
Assessment of intracellular reactive oxygen species: The production of intracellular reactive oxygen species was monitored by using 2',7'-dichlorofluorescin diacetate (DCFH-DA) [3] . DCFH-DA was dissolved in dimethyl sulfoxide (DMSO) at a concentration of 10 mM. The solution was saturated with N2 gas to prevent oxidation of DCFH-DA. The bursal cells of Fabricius were prepared as described above, except that Hank's balanced solution was used instead of RPMI 1640 medium. The cells (1 × 10 6 ) were incubated with or without antioxidants, and DCFH-DA was added to the cell suspensions at each incubation time at a final concentration of 10 µM. The cell suspensions were then incubated in the dark at 37°C for 15 min. The wavelength of the excitation light was 488 nm and the intensity of emitted fluorescence (525 nm) was measured using an F2000 Hitachi Fluorescence spectrometer. The relative intensities of fluorescence from the cells at each incubation time were normalized in a way that the intensity of fluorescence from the cells at 0 hr incubation without antioxidants was 1.0.
Assessment of lipid peroxidation:
A cis-parinaric acid (PnA) was used as a monitor molecule for the assessment of lipid peroxidation [16] . Briefly, PnA was dissolved in DMSO at a concentration of 10 mM and saturated with N2 gas. PnA was added to the cell suspensions at a final concentration of 20 µM in the presence or absence of antioxidants, and incubated in the dark at room temperature for 15 min. The wavelength for excitation was 324 nm and the intensity of emitted fluorescence (425 nm) was measured using an F2000 Hitachi Fluorescence spectrometer. The relative intensities of fluorescence from the cells at each incubation time were normalized in a way that the intensity of fluorescence from the cells at 0 hr incubation without antioxidants was 1.0.
RESULTS
After physically disrupting cell contacts, apoptosis of the bursal cells of Fabricius was induced during in vitro cultivation (Fig. 1) . The proportion of apoptotic cells in the total cell population increased with incubation time until 6 hr post-isolation, and approximately 70% of cells represented apoptosis at 6 hr. No significant difference was observed in the percentage of apoptotic cells between 6 and 12 hr post-isolation. The induction of apoptosis was significantly inhibited by treatment of the cells with ascorbic acid. Only 20% cells represented apoptosis until 12 hr post-isolation. On the contrary, no significant difference was observed on the induction of apoptosis between troloxtreated and untreated cells (Fig. 1) . Another antioxidant, N-acetyl-l-cysteine, also did not inhibit the induction of apoptosis (data not shown).
When low molecular weight DNAs were extracted from the untreated control bursal cells of Fabricius and analyzed using agarose gel electrophoresis, DNA bands corresponding to multiples of the nucleosomal size of 180-200 base pairs were very weak in intensity at 0 hr post-isolation. An intense DNA ladder pattern was shown at 6 hr, which appears as a result of internucleosomal enzymatic cleavages of DNA and is a biochemical hallmark of apoptosis (Fig.  2) . The cells treated with ascorbic acid exhibited very weak DNA bands with low molecular weight at 6 hr post-isolation. Although the intensity of the DNA bands with low molecular weight from the trolox-treated cells was slightly weak, compared with that from untreated cells, no significant difference was observed in the DNA ladder pattern at 6 hr between the trolox-treated cells and untreated cells.
To assess the production of ROSs in the bursal cells of Fabricius during in vitro cultivation, we measured the fluorescence emitted from DCFH-DA [3] . DCFH-DA diffused into the cells is hydrolyzed to 2',7'-diclorofluorescin (DCFH) and thereby trapped within cells. When nonfluorescent DCFH is oxidized to 2',7'-diclorofluorescein (DCF) by ROSs, high intensity of fluorescence is emitted. In the untreated control cells, the relative intensity of fluorescence increased more than 2-fold at 0.5 hr postisolation, compared with that at 0 hr post-isolation (Fig. 3) . High levels of fluorescence emission were observed until 2 hr post-isolation, and then the intensity decreased. The relative intensity of fluorescence decreased immediately after the addition of ascorbic acid to the cells. The level of the relative intensity from the cells treated with ascorbic acid was 20-30% of that from the untreated control cells at each incubation time during in vitro cultivation. In the case of trolox, a significant decrease of the relative intensity of fluorescence was observed at 0.5 hr post-isolation, but the intensity increased with incubation time. The relative intensity was 50-70% of that from the control cells during 1-2 hr post-isolation, and no significant inhibitory effect was observed on the production of ROSs after 4 hr postisolation.
A cis-parinaric acid (PnA) was used as a monitor molecule for the assessment of lipid peroxidation [16] . PnA is fluorescent when partitioned into a lipid environment and the emission of fluorescence disappears upon reaction of the lipid with ROSs. The relative intensity of fluoresence from the control cells decreased after isolation of the cells from bursal follicles (Fig. 4) . Treatment of the cells with trolox slightly prevented the decrease in the relative intensity of fluorescence during in vitro cultivation. Unexpectedly, treatment of the cells with ascorbic acid significantly decreased the relative intensity of fluorescence, compared with that from the untreated control cells.
DISCUSSION
After physically disrupting cell contacts, apoptosis of the bursal cells of Fabricius was induced during in vitro cultivation. The induction of apoptosis was significantly inhibited by treatment of the cells with ascorbic acid, but not with trolox ( Figs. 1 and 2 ). When the production of ROSs in the bursal cells of Fabricius during in vitro cultivation was estimated using DCFH-DA, the relative intensity of fluorescence in the control bursal cells increased approximately 2-fold immediately after isolation of the cells from bursal follicles, compared with that at 0 hr (Fig. 3) . These results indicated that ROSs were produced in the bursal cells during in vitro cultivation immediately after the physical disruption of cell contacts. The relative intensity of fluorescence decreased by the treatment of cells with ascorbic acid. Ascorbic acid is a strong reductant and one of the major intracellular and plasmatic antioxidants [9] . It is well known that ascorbic acid reacts with ROSs, such as superoxide anions, hydrogen peroxide and hydroxyl radicals [14] . Therefore, these results suggested that apoptosis of the bursal cells of Fabricius may be mediated by ROSs produced in the bursal cells during in vitro cultivation. Although the proportion of apoptotic cells increased with incubation time until 6 hr post-isolation, the intracellular ROSs only increased until 2 hr post-isolation, and then decreased. Therefore, ROSs may play a role in the initial step of induction of apoptosis, prior to the occurrence of histological and biochemical changes. Although it has been reported that vitamin E analogs inhibit induction of apoptosis [8, 15, 19] , the present results showed that trolox, a vitamin E analog, had no inhitory effect on the induction of apoptosis after isolation of the cells from the bursal follicles. The relative intensity of fluorescence of DCF significantly decreased immediately after the addition of trolox to the cells, but the intensity increased with incubation time. The level of the relative intensity was 50-70% of that of the control cells during 1-2 hr post-isolation. Since the production of ROSs was reduced to 20-30% level of that in the control cells by ascorbic acid, the scavenging capacity of ROSs may be associated with the inhibitory effect on the induction of apoptosis. No significant inhibitory effect on the induction of apoptosis was also observed after the treatment of the cells with trolox at 5 and 10 mM on the basis of the histological analysis and analysis of DNA fragmentation (data not shown). Since it has been reported that trolox inhibits the radiation-induced apoptosis in the bursal cells of Fabricius [15] , the reason why trolox showed no inhibitory effect in the present study remains unclear. Species and/or intracellular localization of the ROSs responsible for induction of apoptosis after the disruption of cell contacts may differ from those after treatment with exogenous oxidative stress, such as ionizing radiation.
It is well known that ROSs induce lipid peroxidation in the cells. The most common method for assessing lipid peroxidation is thiobarbituric acid (TBA) assay. This assay colorimetrically measures malondialdehyde (MDA), an end product formed from a variety lipid peroxides and secondary lipid oxidation products. However, the TBA assay does not give quantitative information since a large number of biological molecules interfere with the generation of MDA [16] . When PnA was used as a monitor molecules for the assessment of lipid peroxidation in the cells, the results showed that lipid peroxidation was induced by ROSs after isolation of the cells from the bursal follicles. Treatment of the cells with trolox slightly prevented lipid peroxidation, whereas ascorbic acid did not. Unexpectedly, treatment of the cells with ascorbic acid significantly enhanced lipid peroxidation, compared with the untreated control cells. The reaction of ascorbic acid with ROSs generates oxidative products of ascorbic acid, such as dehydroascobic acid and ascorbate free radicals [2, 14, 20] . Such products may induce lipid peroxidation, but may not induce apoptosis. Indeed, it has been reported that the oxidative products of ascorbic acid do not induce cellular death of thymocytes [14] . Since trolox reduced lipid peroxidation but did not inhibit the induction of apoptosis, lipid peroxidation may not be directly associated with induction of apoptosis. Alternatively, species and/or intracellular localization of ROSs responsible for induction of apoptosis may differ from those for lipid peroxidation. In order to clarify the relationships between induction of apoptosis and lipid peroxidation, further analysis of lipid peroxidation by other methods may be required. Investigation concerning the species of oxidative radicals that induce apoptosis after the physical disruption of cell contact is now in progress.
